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Abstract

Background information—Commitment to splicing occurs co-transcriptionally, but a major

unanswered question is the extent to which various modifications of chromatin, the template for

transcription in vivo, contribute to the regulation of splicing.

Results—Here we perform genome-wide analyses showing that inhibition of specific marks –

H2B ubiquitylation, H3K4 methylation, and H3K36 methylation – perturbs splicing in budding

yeast, with each modification exerting gene-specific effects. Furthermore, semi-quantitative mass

spectrometry on purified nuclear mRNPs and chromatin immunoprecipitation analysis on intron-

containing genes indicated that H2B ubiquitylation, but not Set1-, Set2- or Dot1-dependent H3

methylation, stimulates recruitment of the early splicing factors, namely U1 and U2 snRNPs, onto

nascent RNAs.

Conclusions—These results suggest that histone modifications impact splicing of distinct

subsets of genes using distinct pathways.

INTRODUCTION

Transcriptional control of gene expression has long been thought to require the coordinated

modification of histones (Suganuma and Workman 2011) but recent evidence suggests an

additional role for these modifications in controlling the eventual fate of an mRNA after it is

transcribed (Carrillo Oesterreich et al., 2011; Hnilicova and Stanek 2011; Luco et al., 2011;

Nino et al., 2013). A number of correlative studies have shown that nucleosomes at DNA
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encoding exons and introns bear distinct covalent modifications in metazoa (reviewed in

(Carrillo Oesterreichet al., 2011), and yeast (Shieh et al., 2011) These observations raise the

possibility that epigenetic marks may have a widespread role in providing direct regulatory

input into co-transcriptional splicing decisions.

In Saccharomyces cerevisiae, splicing occurs co-transcriptionally for the vast majority of

intron-containing genes (Carrillo Oesterreich et al., 2010), and consistently, splicing factors

are recruited to nascent transcripts (Kotovic et al., 2003; Gornemann et al., 2005; Lacadie

and Rosbash 2005; Moore et al., 2006; Tardiff et al., 2006; Aitken et al., 2011).

Interestingly, the histone acetyltransferase catalytic subunit of the SAGA complex, Gcn5,

has been shown to control the co-transcriptional recruitment of the U2 snRNP (Gunderson

and Johnson 2009). However, the extent to which additional histone modifications of the

chromatin landscape regulate the co-transcriptional recruitment of the spliceosome is still

unclear.

Transcription-associated histone H2B mono-ubiquitylation (Ub-H2B) and the downstream

histone H3 methylation events have established roles in transcription activation and

nucleosome dynamics (Robzyk et al., 2000; Sun and Allis 2002; Wood et al., 2003;

Vitaliano-Prunier et al., 2008). In addition, we recently showed that Ub-H2B influences

export of mRNPs by promoting the recruitment of the nuclear export machinery to nascent

transcripts (Babour et al., 2012; Vitaliano-Prunier et al., 2012). Furthermore, we recently

reported genetic and functional interactions between the Ub-H2B machinery and the SR-like

spliceosome-associated factor Npl3 (Moehle et al., 2012), suggesting that the role of Ub-

H2B in gene expression is not limited to directing transcription itself. This result prompted

us to determine the contribution of transcription-dependent chromatin marks, and in

particular Ub-H2B, on spliceosome assembly and function on nascent transcripts.

RESULTS

Defects in Ub-H2B, H3K4me, H3K36me cause introns to accumulate for distinct subsets of
transcripts

Transcripts in S. cerevisiae do not generally undergo alternative splicing, but the constitutive

splicing reaction is sensitive to a number of environmental perturbations (Pleiss et al., 2007;

Munding et al., 2010; Bergkessel et al., 2011). While relatively few genes are spliced,

intron-containing genes account for nearly one third of total cellular transcription (Ares et

al., 1999), so it is critical for yeast to appropriately control the efficiency of this step in gene

expression. We recently reported that in a genetic background sensitized by loss of Npl3, a

protein known to promote splicing of a subset of genes, a short 37°C temperature shift

revealed a modest dependence of pre-mRNA splicing on Ub-H2B (Moehle et al., 2012).

Here, we further explored the potential connection between chromatin modification and

splicing by capitalizing on the observation that nuclear export factor assembly onto nascent

mRNPs is very tightly regulated by Ub-H2B during a 3-hour shift to 39°C, an experimental

condition that challenges mRNA biogenesis without affecting genome-wide expression

(Babour et al., 2012; Vitaliano-Prunier et al., 2012). Indeed, using splicing-sensitive

microarrays (figure 1A), we see that at 39°C, abrogating Ub-H2B by deleting the H2B E3
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ligase, BRE1, or mutating the targeted residue in H2B (htb1K123R) led to increases in the

levels of intron for many genes, consistent with a defect in the splicing of those transcripts

(figure 1B and 2C, Table S3). To more easily compare these datasets, we calculated intron/

exon ratios, an established approach to normalize for differences in transcription (Clark et

al., 2002). We observed that, importantly, genes affected by H2B mutation extensively

overlapped with genes affected by BRE1 deletion (figure 1D). While the ribosomal protein

genes (RPGs) are a category of spliced genes often regulated together (Pleiss et al., 2007;

Bergkessel et al., 2011), Ub-H2B-dependent effects on splicing were not enriched for RPG

transcripts. Validation of the microarray data by using RT-qPCR to measure relative intron

and exon abundance of several transcripts confirmed Ub-H2B-mediated changes with

respect to a wild-type strain (figure 1C). Taken together, our data show that loss of Ub-H2B

has clear gene-specific effects on intron accumulation and, thus, prompt the conclusion that

Bre1-dependent Ub-H2B is important for splicing at 39°C.

Ub-H2B is strictly required for other histone marks such as the trimethylation of histone H3

on both lysine 4 by the Set1-containing COMPASS complex (Sun and Allis 2002), and

lysine 79 by Dot1 (Briggs et al., 2002; Ng et al., 2002), and facilitates the Set2-mediated

methylation of H3K36 on some intron-containing genes (Shieh et al., 2011) (not shown).

Surprisingly, we found that deletion of SET2 also causes accumulation of intron and an

increase in the intron/exon ratio for many transcripts (figure 2A and 2C), but the observation

that 83% of Set2-dependent genes are not also dependent on Ub-H2B (figure 2D) suggests

Set2 is working separately from the Ub-H2B pathway. Microarray results from a strain

lacking SET1 were consistent with a mild splicing defect as gauged both by intron

accumulation and intron/exon ratios (figure 2B and 2C). However only a small number of

genes (13) overlap with those affected in htb1K123R (figure 2D), indicating that the effects

of Ub-H2B on intron/exon ratios were not strictly mediated by H3K4 methylation. We

observe a comparatively larger effect from BRE1 deletion than mutation of the H2B target

residue, which is consistent with an additional Bre1 target or function that also promotes

splicing. Bre1 targets many of the same genes as COMPASS component Set1, but whether

ubiquitylation of the Swd2 component of the COMPASS complex by Bre1 might be

involved in this process remains to be determined (Vitaliano-Prunier et al., 2008).

Importantly, no global changes of gene expression were observed upon inhibition of Ub-

H2B or downstream H3 methylations either at 30°C (Lenstra et al., 2011; Margaritis et al.,

2012) or 39°C (Vitaliano-Prunier et al., 2012). Only a minority of genes exhibited altered

expression in the different mutant strains, none of which encoded components of the

splicing machinery. This argues against direct transcriptional control of the splicing

machinery expression by Ub-H2B.

Together, these results suggest that splicing efficiencies – inferred by changes in pre-mRNA

and total mRNA levels – are dependent on contributions from multiple transcription-coupled

histone marks, with the relative contribution being different from one intron-containing gene

to another. We reasoned that the decrease in splicing efficiency we observed was unlikely to

be caused by a wholesale block in spliceosome function, but rather could relate to a delay in

the onset of the splicing reaction. We therefore sought to determine whether Ub-H2B might

influence the ability of splicing factors to associate with transcripts.
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Preventing ubiquitylation of H2B alters the recruitment of early splicing factors to Cap-
binding complex-associated mRNPs

Since Ub-H2B-mediated splicing is likely mechanistically separated from that driven by

downstream histone methylations, what step in splicing is impacted by loss of Ub-H2B? To

address this question, nucle mRNPs were purified from temperature-shifted wild-type (WT)

and htb1K123R cells using a genomically TAP-tagged Cbc2 of the nuclear cap-binding

complex (CBC), and their proteomes were analyzed by tandem mass spectrometry

(Oeffinger et al., 2007). Because the CBC is associated with nuclear mRNPs from early

synthesis to nuclear exit, the composition of purified mRNPs reflects the sum of all

biogenesis events, including transcription, mRNA processing and mRNA packaging that

lead to their formation (Oeffinger et al., 2007). The proteome of CBC-associated mRNPs

was enriched in splicing factors (snRNPs), 3' end processing machinery, mRNA export

factors and other factors that are recruited during transcription elongation such as the THO

complex (table S4; (Oeffinger et al., 2007)). A recent transcriptome-wide analysis of of

CBC-associated mRNAs reveals a clear enrichment of unspliced versus spliced mRNA,

consistent with an interaction occuring at an early step of transcription (Tuck and Tollervey

2013). In addition, multiple subunits of RNA Polymerase II (RNAPII) were detected in

CBC-interacting mRNPs, confirming that some nascent transcripts were associated with

TAP-tagged Cbc2 (table S4).

This global approach showed that preventing Ub-H2B impaired the association of the

nuclear export machinery as previously described (Vitaliano-Prunier et al., 2012), but

maintained WT levels of other factors known to bind mRNAs, including the transcription

elongation THO complex (figure 3A, Table S4). Early spliceosome assembly onto

premRNAs entails binding of the U1 and U2 snRNPs: consistent with the observed splicing

defect, the number of peptides corresponding to U1 and U2 was significantly lower in the

htb1K123R strain compared to WT, while the overall protein level of these factors was

similar in both strains (figure 3A and 3C). This defect was also seen using a semi-

quantitative analysis based on a spectral counting approach (Heintz et al., 2009) (figure 3B,

Tables S5 and S6). To confirm this decrease in CBC-associated U1 and U2, we directly

assayed the co-immunoprecipitation of an endogenously HA-tagged version of either Prp42

(U1 snRNP) or Lea1 (U2 snRNP) with TAP-tagged Cbc2 and observed a reproducible

decrease in both Prp42-HA and Lea1-HA (figure 3C). While we cannot rule out that some

factors pulled down by TAP-tagged Cbc2 might be directly bound to the CBC, as has been

observed for the tri-snRNP in mammals (Pabis et al., 2013), the decreased association of U1

and U2 proteins in the pull-down reported here is consistent with the splicing defect seen in

strains lacking Ub-H2B. In contrast, this defect was not phenocopied by deletion of SET1

(figure 4), further arguing that the control of U1 and U2 recruitment by Ub-H2B is not

mediated by downstream methylation by Set1.

Loss of H2B ubiquitylation impairs recruitment of early splicing factors to transcribing
genes

It has been suggested that the splicing activity can be facilitated by the cotranscriptional

recruitment of the splicing machinery (Tardiff et al., 2006; Aitken et al., 2011); thus, we

reasoned that if the defect seen in recruitment of U1 and U2 to mRNPs occurs co-
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transcriptionally, this may further account for the intron accumulation phenotype of a strain

lacking Ub-H2B. To ask this, we used chromatin immunoprecipitation (ChIP) to study early

splicing factor association with on four intron-containing genes whose splicing is sensitive

to loss of Ub-H2B: 3 ribosomal protein genes RPS21B, RPL14B and RPL34B and the non-

ribosome protein gene HNT1 (Table S3). Of note, HNT1 splicing was also sensitive to

deletion of SET1 or SET2 (Table S3). We found a marked decrease in Prp42 association at

these genes in the htb1K123R strain. Importantly, this decrease in U1 association occurred at

genes where RNAPII levels and resulting mRNA expression remained unchanged (figure

5A and data not shown), and does not occur in cells lacking the SET1, SET2 and DOT1

methyltransferases (figure 5B). Furthermore, in agreement with data from the CBC

pulldown (figure 3), Lea1 exhibited weaker association with these genes in the htb1K123R

strain, which was revealed primarily at the 3’ ends (figure 5A). Our data reveal that loss of

Ub-H2B adversely affects recruitment of the early splicing machinery to nascent transcripts.

Loss of H2B ubiquitylation marginally affects recruitment of Npl3

We previously showed that the SR protein Npl3 promotes U1 and U2 association with

nascent transcripts and physically interacts with the Ub-H2B machinery (Kress et al., 2008;

Moehle et al., 2012). While we do see a modest decrease in Npl3 ChIP (figure 6A) at genes

whose splicing is promoted by Npl3 (Kress et al., 2008), this cannot account for the broad

consequences of losing Ub-H2B on pre-mRNA splicing shown here, in particular on non-

RPGs.

Similar to SR proteins in metazoa, Npl3 is known to associate with the C-terminal domain

(CTD) of RNAPII upon Serine 2 phosphorylation (Dermody et al., 2008) but we only

observed a weak decrease in Serine 2 phosphorylation on the RNAPII CTD at RPS21B and

RPL34B in the htb1K123R strain (figure 6B).

DISCUSSION

Early splicing factors associate with nascent pre-mRNAs (Kotovic et al., 2003; Gornemann

et al., 2005; Lacadie and Rosbash 2005; Moore et al., 2006; Tardiff et al., 2006), and,

therefore, it is critical to understand how the chromatin landscape contributes to

cotranscriptional spliceosome assembly and function. Our results indicate that in budding

yeast, an organism with relatively simple intron/exon architecture and limited splice site

variation, multiple histone modifications (Ub-H2B, H3K4me and H3K36me) are required

for optimal spliceosome function at distinct subsets of genes. In agreement with this, we also

show that Ub-H2B facilitates the association of the early splicing machinery to mRNPs

while the RNA is still being transcribed, in a molecular pathway that is distinct from Set1-

or Set2-mediated splicing. Thus, our data support the idea that the chromatin landscape of a

locus, as defined by these modifications, can impact the fate of a transcript, reflecting the

capacity of the spliceosome to interpret and integrate multiple inputs from the chromatin

landscape. This idea is further supported by evidence that histone acetylation by Gcn5 and

deacetylation by Hos2/3 (Gunderson and Johnson 2009; Gunderson et al., 2011), as well as

incorporation of the variant histone H2A.Z (Albulescu et al., 2012) can also influence

spliceosome assembly onto nascent transcripts and splicing efficiency of those transcripts.
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In metazoa, where the recognition of and discrimination between alternative, degenerate

splice sites must be tightly regulated, histone modifications, including Ub-H2B, have been

shown to reflect intron/exon structure (Kolasinska-Zwierz et al., 2009; Schwartz et al., 2009;

Spies et al., 2009; Dhami et al., 2010; Huff et al., 2010; Jung et al., 2012). In fact,

modulation of the levels of the Ub-H2B machinery in human cells has revealed that this

mark promotes recognition of splice sites, and importantly, as we show here in budding

yeast, does so in context-dependent ways (Figures 1-3; (Jung et al., 2012; Zhang et al.,

2013). While Ub-H2B also reflects intron/exon structure on budding yeast genes (Shieh et

al., 2011), it is remarkable that the one to two differentially marked nucleosomes associated

with yeast introns, typically 100-400bp in budding yeast (Spingola et al., 1999), can impact

splicing. The conservation of the connection between Ub-H2B and splicing from yeast to

humans suggests that this is a universal strategy for spliceosome regulation.

How does Ub-H2B promote splicing factor association? It is possible that Ub-H2B-mediated

spliceosome association is, in part, influenced by a minor impairment in the recruitment of

the CBC to some genes (not shown), as the CBC and early splicing factors physically

interact in yeast (Colot et al., 1996). In addition, it has been recently shown that CBC

depletion in mammalian cells led to defects in co-transcriptional spliceosome assembly via

both RNA-dependent interaction with U1 and U2 snRNPs and RNA-independent

interactions with U4/U6 and U5 snRNPs (Pabis et al., 2013). We could barely detect

components of the U4/U6 and U5 snRNPs in our yeast CBC proteome, suggesting that this

interaction may not occur in yeast. However, Pabis et al. hypothesized that CBC, U1 and U2

bind cooperatively onto RNA to promote splicing efficiency (Pabis et al., 2013), a process

that could be influenced by Ub-H2B. Conversely, Ub-H2B and H3K36 methylation levels

are highly dependent on an intact CBC (Hossain et al., 2009; Hossain et al., 2013),

highlighting two examples of the high degree of coupling between mRNA processing and

chromatin structure.

In metazoans, it has been suggested that histone modifications may directly recruit splicing

factors via specific histone mark-specific adaptors (Sims et al., 2007; Luco et al., 2010); this

has been previously proposed to occur in yeast as well (Gunderson et al., 2011). Thus it is

possible that ubiquitylated H2B also directly or indirectly recruits a splicing factor in

budding yeast. Alternatively, as histone modifications can influence RNAPII dynamics, it is

possible that changes in elongation speed may explain the splicing defects seen in the

chromatin mutants tested here (Howe et al., 2003; Braberg et al., 2013; Dujardin et al.,

2013). Therefore, it is interesting that multiple reports have suggested that the ubiquitin

modification stabilizes nucleosomes during elongation (Chandrasekharan et al., 2009); given

the splicing defects that can occur when RNA polymerase elongates too quickly (Braberg et

al., 2013), perhaps uncontrolled RNAPII elongation in the htb1K123R strain accounts for the

decrease in splicing efficiency reported here.

An intriguing aspect of chromatin-based splicing regulation is the complexity of the

chromatin template; as our microarrays revealed, Ub-H2B, H3K4me and H3K36me

influence splicing at somewhat overlapping subsets of genes. As the field moves forward, a

challenge will be to understand how the spliceosome integrates the signals from individual

histone modifications to achieve the appropriate splicing outcomes for the needs of the cell.
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The many histone post-translational modifications, and their combined effects on

transcription, RNAPII CTD phosphorylation state, and mRNA processing perhaps provide

each emerging transcript with a specific mRNA “identity” that allows dynamic modulation

of splicing, mRNA export and quality control.

MATERIALS AND METHODS

Yeast strains and culture

Strains used in this study are listed in Supplementary Table 1. The derivative strains were

obtained using PCR based homologous recombination as described in (Longtine et al.,

1998). Yeast cells were grown overnight at 30°C in YPD medium (Yeast extract, peptone,

dextrose). To perform the 3-hours shift at 39°C, when the 30°C overnight culture reached

OD600=1, one volume of medium preheated to 48°C was added and cultures were incubated

at 39°C for 3 hours.

Microarray analysis

Strains were grown for microarray analysis as described above with a 3-hour shift to 39°C,

at which point they were collected by centrifugation. Microarrays were performed as in

(Moehle et al., 2012). For each microarray shown, results from two biological replicates

were averaged. In addition, each biological replicate contains 6 technical replicates per

probe, as well as dye-flipped replicates. The heat maps in Figure 1 were created using Java

Treeview (Saldanha 2004) and show the log2-based fold change in the indicated strain as

compared to an isogenic WT. Intron/Exon ratios were calculated for each intron-containing

gene (log2 (Intron/Exon) = log2 (Intronmutant/IntronWT) – log2 (Exonmutant/ExonWT); these

values were converted into a histogram for any gene with Intron/Exon value <-0.3 or >0.3.

RNA Isolation and RT-qPCR

Total RNA isolation was performed by the hot acid phenol method (Sigma Aldrich). cDNA

from total RNAs were obtained by retro-transcription with random oligonucleotides (Roche)

using the SuperScriptTM II reverse Transcriptase (Invitrogen). Real time qPCR was then

performed using the SYBR Green mix (Roche) and the Light Cycler 480 system (Roche)

with gene specific primers described in Supplementary Table 2.

Antibodies

Commercial antibodies used in this study were anti-RNA polymerase II (RNAPII ChIP 12

μg, 8WG16, MMS126R, Covance), anti-phosphorylated Ser 2 of RNAPII CTD (ChIP 12 μg,

clone 3E10, 04-1571, Millipore), anti-HA (ChIP 8 μg, WB 1:2000, clone HA-11,

MMS-101R, Covance), anti-H3 (ChIP 4 μg, ab1791, abcam), anti-H3K36me3 (ChIP 4 μg,

ab9050, abcam). Polyclonal anti-Mex67 (WB 1:20,000) and anti-Npl3 (ChIP 1,5 μL, WB

1:10,000) antibodies were previously described (Siebel and Guthrie 1996; Gwizdek et al.,

2005). TAP-tagged proteins were immunoprecipitated using IgG sepharose beads (50 μL for

ChIP analysis). Western blot analyses were performed using appropriate HRP-coupled

secondary antibodies and chemi-luminescence protein immunoblotting reagents (Pierce).
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Immunoaffinity Purification of nuclear mRNPs from frozen cell grindate

Cells shifted at 39°C for 3hrs in YPD were rapidly frozen in liquid nitrogen before cryolysis

(Ossareh-Nazari et al., 2010). Immunoaffinity purification of mRNPs was performed as

described in (Oeffinger et al., 2007) with minor modification. Frozen cell grindates were

rapidly thawed into nine volumes of RNP buffer (20mM Hepes, pH7.4, 110mM KOAc,

0.5%Triton, 0.1% Tween 20, 1:100 Solution P, 1:5000 RNasin (Promega), 1:5000 Antifoam

B (Sigma); 1:1000 DTT). The resulting extracts were centrifuged 5 min at low speed to

eliminate the large cellular debris before clarification by filtration. Immunoprecipitation was

performed using magnetic beads (Dynal) conjugated with rabbit IgG (Sigma) (Alber et al.,

2007). Resulting eluates were lyophilized, resuspended in SDS-PAGE sample buffer,

separated by SDS-PAGE on a 4–12% NuPAGE Novex Bis-Tris precast gel (Invitrogen)

according to the manufacturer's specifications and visualized by Coomassie blue staining.

Alternatively, nuclear mRNPs were purified from glass-beads lyzed cells as previously

described (Iglesias et al., 2010; Vitaliano-Prunier et al., 2012).

SDS-PAGE and in-gel digestion

After electrophoresis, gels were stained by colloidal Coomassie Blue (BioSafe coomassie

stain; Bio-Rad) and whole lanes were cut into 14 5x4 mm slices using a disposable grid-

cutter (the gel-company, Tübingen, Germany). Slices were divided into three and in-gel

digestion using trypsin (Promega, Madison, WI) was performed overnight at 37 °C, after in-

gel reduction and alkylation using the MassPrep Station (Waters, Milford, MA, USA).

Tryptic peptides were extracted using 60 % ACN in 0.1 % formic acid for 1h at room

temperature. The volume was reduced in a vacuum centrifuge and adjusted to 10 μl using

0.1 % formic acid in water before nanoLC-MS/MS (nanoliquid chromatography coupled to

tandem mass spectrometry) analysis (see Supplementary information).

Liquid chromatography/Mass spectrometry

NanoLC-MS/MS was performed using a nanoACQUITY ultra performance liquid

chromatography (UPLC®) system (Waters, Milford, MA, USA) coupled to a maXis 4G

QTOF mass spectrometer (BrukerDaltonics, Bremen, Germany). Detailed procedure is

presented in Supplementary information.

Peptide counts

The peptide count of unique peptides was performed using Scaffold 3 software (version

3.6.5; Proteome Software Inc., Portland, OR, USA) after having filtered the results at 1% <

FDR.

Spectral counts

The label-free semi-quantitation was performed using Scaffold 3 software (version 3.6.5;

Proteome Software Inc., Portland, OR, USA) exporting the un-weighed spectral count into

an excel file after having filtered the result at 1% < FDR as described in the Supplementary

data. The three replicates of each biological sample shown in Table S6 (except the negative

control) were horizontally normalized to the highest spectral count value obtained for
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nuclear cap-binding protein complex subunit (WT injection 1: 429 un-weighed spectra

counts). The following procedure as described in (Gokce et al., 2011; Miguet et al., 2013)

has been applied for the six independent injections: the number of spectra obtained for the

nuclear cap-binding complex has been divided by 429 and the ratio obtained was multiplied

independently by the number of spectral counts for each protein, in order to reduce the

variance observed between samples and replicates.

Chromatin Immunoprecipitation (ChIP) and qPCR

ChIPs were performed as described previously (Gwizdek et al., 2006). 8 OD units of cell

lysate were immunoprecipitated with the amount of antibodies mentioned above.

Immunoprecipitated DNA was analyzed by quantitative PCR using primers referenced in

Table S2. Non-specific signals were assessed by analyzing immunoprecipitated DNA with

primers against an intergenic region. The specificity of the signal was also evaluated using

untagged strains. The resulting amplifications were similar to those observed for the

intergenic region (not shown). Results correspond to the mean of at least 3 independent

experiments.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

CBC cap-binding complex

ChIP Chromatin Immunoprecipitation

CTD C-terminal domain

H3K4me Lysine 4 methylation of Histone H3

mRNP messenger ribonucleoprotein

RNAPII RNA Polymerase II

RPG ribosomal protein gene

snRNP small nuclear ribonucleoprotein

Ub-H2B histone H2B mono-ubiquitylation

WT wild-type
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Figure 1. Defects in Ub-H2B promote splicing defects
(A) Schematic of probes contained on the microarray for each intron-containing gene. (B)
Heat maps of log2 ratios of each gene feature in bre1Δ or htb1K123R compared to isogenic

WT strains after a 3-hour shift to 39°C. Gene order is different for each sub-panel. (C) RT-

qPCR measurements of unspliced mRNAs using single-locus RT-qPCR. Percent unspliced

RNA is represented as fold change compared to wild-type.

Hérissant et al. Page 14

Biol Cell. Author manuscript; available in PMC 2015 April 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 2. Defects in Ub-H2B, H3K4me, H3K36me cause introns to accumulate for distinct
subsets of transcripts
(A, B) Heat maps of log2 ratios of each gene feature in set2Δ or set1Δ strains compared to

isogenic WT strains after a 3-hour shift to 39°C. Gene order is different for each sub-panel.

(C) Histogram of number of genes exhibiting log2 (Intron/Exon) ratio greater than 0.3 or

less than -0.3. Heat map within bar shows degree of splicing change of those genes. (D)
Venn diagram of genes from histograms for comparison of each genotype directly. Note:
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set1Δ and htb1K123R have 1 gene overlap which cannot be shown. The circle sizes are

representative of the numbers of genes with log2I/E>0.3 but the overlaps are not to scale.
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Figure 3. Preventing ubiquitylation of H2B alters the recruitment of early splicing factors to
CBC-associated mRNPs
(A) Nuclear mRNPs were purified from Cbc2-TAP-tagged WT or htb1K123R cells after a 3-

hour shift to 39°C and associated proteins were analyzed by MS-MS after SDS-PAGE. In

order to highlight relative differences in the protein composition, the number of unique

peptides for each indicated protein has been considered as index of abundance (Merz et al.,

2007). Complete identification of the CBC proteomes is shown in Table S4. (B)
Components of the U1 and U2 snRNPs associated with nuclear mRNPs were semi-

quantified using a spectral counting approach. The mean ± SD of spectral counts

corresponding to three injections are indicated. Significance of the differences observed
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between both strains was evaluated using Student t-test (*P 0.01–0.05; ***P <0.001).

Significant differences are indicated in bold. (C) Nuclear mRNPs were purified from WT or

htb1K123R cells expressing Cbc2-TAP and Prp42-HA or Lea1-HA. Co-purifying proteins

were detected by Western Blot with anti-HA or anti-Mex67 antibodies (left panel). The ratio

of mRNP-associated proteins relative to the WT cells and to the immuno-purified Cbc2-

TAP was determined from at least 3 independent experiments (mean ± SD) (right panel).

Significance of the differences observed between both strains was evaluated using Student t-

test (**P 0.001–0.01).
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Figure 4. Loss of Set1-dependent methylation does not affect the recruitment of U1 snRNP to
CBC-associated mRNPs
Nuclear mRNPs were purified from WT or set1Δ cells expressing Cbc2-TAP and Prp42-

HA. Co-purifying proteins were detected by Western Blot with anti-HA or anti-Mex67

antibodies (left panel). The ratio of mRNP-associated proteins relative to the WT cells and

to the immuno-purified Cbc2-TAP was determined from at least 3 independent experiments

(mean ± SD) (right panel). Significance of the differences observed between both strains

was evaluated using Student t-test (**P 0.001–0.01).
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Figure 5. Loss of H2B ubiquitylation, but not Set1-, Set2- or Dot1- dependent methylation of H3,
impairs recruitment of early splicing factors to transcribing genes
ChIP experiments were performed on extracts prepared from the indicated HA-tagged

strains after a 3-hour shift to 39°C, using anti-RNAPII or -HA antibodies. Four intron-

containing genes were considered, 3 ribosome protein genes RPS21B, RPL14B and RPL34B

and the non-ribosome protein gene HNT1 (Supplementary Table S1). Histograms depict the

mean and standard deviations of at least three independent experiments. The significance of

the differences of recruitment observed between WT and mutant cells was evaluated using

Student t-test (*P 0.01–0.05; **P 0.001–0.01).
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Figure 6. H2B ubiquitylation promotes to RNAPII Ser2 phosphorylation and Npl3 recruitment
on a subset of intron-containing genes
(A) Phosphorylation of RNAPII Ser2 on indicated intron-containing genes was analyzed by

ChIP assay in WT and htb1K123R cells using antibodies to RNAPII and phosphoSer2

specific antibodies. The RNAPII Ser2P/RNAPII ratio is shown. (B) Recruitment of Npl3 on

indicated intron-containing genes was analyzed by ChIP assay in WT and htb1K123R cells

using anti Npl3 antibodies and normalized to the intergenic region. Significance of the

differences observed between both strains was evaluated using Student t-test (*P 0.01– 0.05;

**P 0.001–0.01).
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